Aim: Baicalin, one of the major flavonoids in Scutellaria baicalensis, possesses antioxidant and anti-inflammatory properties. However, the effects of baicalin on metabolic disorders and hepatic steatosis have not been investigated. Methods: Body weight was examined in high-fat diet (HFD)-fed rats with or without baicalin treatment. At the end of the experiment, serum biochemical parameters, liver histology and lipid profile were analyzed to assess whether the animals were suffering from metabolic disorders or hepatic steatosis. In the liver, the phosphorylation of AMP activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC) and the gene expression of some enzymes involved in lipogenesis were examined. The effects of baicalin on the phosphorylation of AMPK and lipid accumulation induced by high glucose in human hepatoma HepG2 cells were also examined. Results: Baicalin (80 mg/kg) administered ip for 16 weeks suppressed body weight gain in HFD-fed rats. Weight reduction was accompanied by the reduction of visceral fat mass. Baicalin significantly decreased the elevated serum cholesterol, free fatty acid and insulin concentrations caused by the HFD. Baicalin also suppressed systemic inflammation by reducing the serum level of tumor necrosis factor α. Baicalin reduced hepatic lipid accumulation, enhanced the phosphorylation of AMPK and ACC and down-regulated genes involved in lipogenesis, including fatty acid synthase and its upstream regulator SREBP-1c. In HepG2 cells, baicalin (5 and 10 µmol/L) increased the phosphorylation of AMPK and decreased lipid accumulation following the addition of high glucose. Conclusion: Our study suggests that baicalin might have beneficial effects on the development of hepatic steatosis and obesity-related disorders by targeting the hepatic AMPK.
Introduction
The excess consumption of fat-enriched food and sedentary lifestyle result in obesity, which is currently a worldwide health problem. A large body of evidence shows that obesity, especially visceral obesity, is associated with an impaired free fatty acid (FFA) metabolism [1] . An excessive release of FFA and adipocytokines [such as adiponectin, leptin, and tumor necrosis factor (TNF)-α] from adipocytes in visceral fat has been suggested to contribute to the development of metabolic syndromes and fatty liver disease, also known as Nonalcoholic Fatty Liver Disease (NAFLD), which is emerging as an obesity-related disorder in obese patients [2] [3] [4] [5] . Although individuals with NAFLD often live for decades without experiencing clinically significant symptoms of fatty livers, they are unusually susceptible to injury induced by secondary inflammatory stress and may progress to hepatocellular carcinoma [4, 6] . Since there is currently no effective therapy for NAFLD [7] , medications for treating obesity-related fatty liver disorders are urgently needed.
There is an ever-increasing interest in the exploration of natural products as drug candidates [8] . Recently, polyphenols have been reported to reduce hyperlipidemia and hyperglycemia, and their effects on lipogenesis have been suggested to be mediated via activation of the AMP-activated protein kinase (AMPK) [9] [10] [11] . In this relation, AMPK has emerged as an important regulator of lipid metabolism at the cellular and systemic levels, and dysfunction of hepatic AMPK represents a key mechanism for hepatic lipid accumulation and hyperlipidemia with hepatic steatosis in genetically obese rodents [12, 13] and in high-fat-fed mice [13] and rats [9, 14] . Consistent with this observation, transgenic mice expressing constitutively active Long-term baicalin administration ameliorates metabolic disorders and hepatic steatosis in rats given a high-fat diet 1506 www.nature.com/aps Guo HX et al Acta Pharmacologica Sinica npg (CA)-AMPKα 1 in liver had reduced levels of white fat and were resistant to high-fat diet-induced obesity [15] . AMPK activators, metformin and thiazolidinediones, have been shown to decrease hepatic fat and to improve fatty liver disease, which provides a new therapeutic approach for the treatment of NAFLD [16, 17] . Baicalin, a polyphenolic compound, is a major bioactive flavonoid isolated from the radix of Scutellaria baicalensis, which is widely used in traditional Chinese medicine (TCM) to treat inflammation, hypertension, cardiovascular diseases, and bacterial and viral infections [18] . Scutellaria baicalensis also shows promise in preventing dyslipidemia and ameliorating hyperglycemia in STZ-induced diabetic rats, both alone and in combination with other herbs [19] . Studies with an experimental model demonstrated that extracts of Scutellaria baicalensis significantly decreased the plasma total cholesterol and triglyceride levels of rats fed a high-fat diet [20] . Scutellaria baicalensis also reduces plasma triglyceride levels in humans [21] , inhibits the progression of atherosclerosis in rabbits with diet-induced hypercholesterolemia [22] , and improves lipid profiles in a dietary model of NAFLD [23] . However, the molecular basis of pharmacological mechanisms of these hypolipidemic effects is not known. The aim of the present study was to investigate whether baicalin exerts a protective effect in a fat-induced rat model for obesity and fatty liver and whether activation of AMPK plays a role in the action of baicalin. In the present study, we demonstrated that baicalin was able to activate AMPK both in vivo and in cultured cells, leading to a decrease in serum and hepatic lipid levels.
Materials and methods

Animal experiments
All animal care and experimental procedures were carried out in accordance with the guidelines of the Laboratory Animal Science Center at the Shanghai Institute of Materia Medica. Male Sprague-Dawley rats (6-8 weeks old) were purchased from SLAC Laboratory Animals Co (Shanghai, China) and maintained in groups under a 12-h/12-h light-dark cycle in a temperature controlled environment (25 °C) with free access to food and water. Animals were fed either a standard laboratory diet (STD, SLAC Laboratory Animals Co) or a high-fat diet (HFD). The STD (by weight) contains 21% protein, 4.5% fat, and 52% carbohydrate. The HFD contains 26.5% protein, 1% cholesterol, 0.4% sodium cholate, 35.4% saturated fat (lard), and 26.6% carbohydrate. Both diets were commercially produced (SLAC Laboratory Animals Co, Shanghai, China). After 1 week, rats in the HFD group were further divided into two groups. The control HFD group (n=7) received an intraperitoneal administration of vehicle (sterilized saline) and the baicalin treatment group (HFD+baicalin, n=8) received an intraperitoneal administration of 80 mg/kg baicalin in vehicle once per day. The STD group (n=6) also received intraperitoneally administered vehicle. The body weight of individual rats was monitored weekly. After 16 weeks of the treatments and one overnight fasting, rats were anesthetized with chloral hydrate and killed. Serum samples were collected for biochemical parameter determination, and tissues were rapidly removed and either frozen immediately in liquid nitrogen or fixed. The visceral fat mass was determined via dissection of epididymal, retroperitoneal, and mesenteric fat deposits.
Cell culture
Human hepatoma HepG2 cells obtained from the American Type Culture Collection (ATCC) were cultured in MEM medium containing 10% (vol/vol) fetal bovine serum, 2 mmol/L L-glutamine, 1 mmol/L sodium pyruvate, 100 U/mL penicillin, 100 µg/mL streptomycin, and 1 mmol/L sodium pyruvate at 37 °C in a humidified atmosphere containing 5% CO 2 . Cells were grown to 70% confluence and incubated in serum-free medium overnight before treatments.
Serum biochemical assays
Serum was separated immediately after blood sampling by centrifugation at 10 000×g for 5 min. Serum concentrations of glucose, total cholesterol, HDL cholesterol, free fatty acids, and triglycerides were determined by enzymatic colorimetric methods using commercially available kits (Shanghai Mind Bioengineering Co, China). Serum LDL cholesterol concentration was calculated by subtracting the HDL cholesterol concentration from the total cholesterol concentration. Serum concentrations of insulin were assessed using a Millipore rat insulin ELISA kit according to the manufacturer's protocol (Millipore, USA). Briefly, the samples were added to wells of a microtiter plate coated by a pre-titered amount of monoclonal anti-rat insulin antibody. Then, biotinylated polyclonal antibodies were added to the captured insulin from samples. After unbound material was washed out of the wells, horseradish peroxidase was added to bind the immobilized biotinylated antibodies, and the enzyme activity was measured spectrophotometrically as increased absorbency at 450 nm, normalized to the absorbency at 590 nm. Serum concentrations of TNF-α were measured using commercially available ELISA kits (PeproTech, USA).
Histological examination
For analysis of fat accumulation in the liver, the tissue was fixed in 10% formalin. Frozen sections (5 μm thick) were prepared using a cryostat, stained with Oil Red O, counterstained with hematoxylin, and analyzed by light microscopy.
Western blot analysis
Tissues were homogenized or cells were harvested in a lysis buffer (20 mmol/L Tris pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1% Triton X-100, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L β-glycerolphosphate, 1 mmol/L Na 3 VO 4 , 1 µg/mL leupeptin, 1 mmol/L PMSF). Samples were sonicated three times for 5 s with 15 s breaks between cycles and subsequently centrifuged at 16 000×g for 60 min at 4 °C. The protein concentrations of the supernatants were determined with a protein assay kit (Bio-Rad). Equal amounts of total cellular protein were resolved by 10% SDS-PAGE, transferred onto polyvinylidene difluoride membranes (Amersham Biosciences), and then probed with primary antibody followed by secondary antibody conjugated with horseradish peroxidase. The immunocomplexes were visualized via enhanced chemiluminescence (Amersham Biosciences).
Real-time quantitative PCR analysis
Total RNA was isolated from the liver of each rat using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The mRNA levels of sterol regulatory element-binding protein (SREBP)-1c and fatty acid synthase (FAS) were assessed by real-time quantitative RT-PCR. PCR reactions were carried out using the DNA Engine Opticon PCR cycler 2 (MJ Research Inc, Waltham, MA, USA) and the Primescript TM RT reagent Kit (TaKaRa). Primers for SREBP-1c, FAS, and β-actin were as follows: SREBP-1c (forward, 5'-AGCTCACGGTACCAGCAAT-3'; reverse, 5'-GTAGGAAGACCCTCCTCATA-3'), FAS (forward, 5'-ATGGGAAGGTGTCTGTGCACAT-3'; reverse, 5'-TGTG-GATGATGTTGATGATA-3'), β-actin (forward, 5'-TATGAG-GGTTACGCGCTCCC-3'; reverse, 5'-TCTTTAATGTCACG-CACGATTTCC-3'). The conditions for PCR were as follows: denaturation at 95 °C for 5 s (10 s in the first cycle), annealing at 60 °C for 30 s, and extension at 72 °C for 10 min. A melting curve from 55 °C to 95 °C was generated at the end of every PCR reaction. PCR reactions for each sample were conducted in triplicate. Relative quantities of mRNA were calculated from Ct values by the comparative Ct method using β-actin as an internal reference.
Determination of intracellular lipid content
Liver tissues were homogenized (1:20, wt/vol) with hexane and isopropanol (3:2, vol/vol). The mixture was vortexed vigorously and allowed to separate into two phases at room temperature. An aliquot of the organic phase was evaporated at 37 °C under a vacuum until dry. Hepatic total cholesterol and free fatty acid concentrations in the extracts were determined using the same enzymatic kits that were applied for serum analyses and normalized to liver weight. The results are expressed as milligrams of lipid per gram of tissue weight.
For cell culture studies, HepG2 cells were grown in 100-mm culture dishes and incubated in serum free medium with a normal (5.5 mmol/L) or high (30 mmol/L) glucose concentration in the absence or presence of baicalin for 24 h. After treatment, cells were washed twice with cold PBS and subjected to lipid extraction using a modified method [24] . In brief, 2 mL of hexane and isopropanol (3:2, vol/vol) was added to cell layers and maintained for 1 h at room temperature. The solvent was then transferred to a glass tube and dried under vacuum. The lipids were dissolved in isopropanol and the triglyceride and total cholesterol contents were determined using the enzymatic kits described above. The cellular protein content present in the residue obtained after lipid extraction was dissolved in NaOH (0.1 mol/L) and determined with a protein assay kit (Bio-Rad). Data are expressed as µg lipids/mg protein.
Chemicals
Baicalin (HPLC content 98%) was purchased from Nanjing Chongyuan Bio-tech Co Ltd (Nanjing, China). Anti-phospho-AMPKα (Thr172) and anti-AMPKα antibodies were purchased from Cell Signaling Technology. Phospho-ACC (Ser79) antibody was purchased from Upstate Biotechnology. Anti-ACC polyclonal antibody was purchased from Millipore (USA). β-actin antibody was purchased from Lab Vision Corporation (Fremont, CA). Anti-mouse and anti-rabbit antibodies conjugated to horseradish peroxidase were obtained from Kirkegaard & Perry Laboratories (Gaithersburg, MD). Minimum Essential Medium (MEM), fetal bovine serum, penicillinstreptomycin solution, sodium pyruvate and TRIzol were purchased from Invitrogen. AICA-Riboside and protease inhibitor cocktail set I were purchased from Calbiochem. All other reagents used were of analytical grade.
Statistical analysis
All data are presented as means±SEM. Student's t test (unpaired) was used to determine the statistical significance (P<0.05) of all obtained data.
Results
Baicalin treatment reduced body weight gain and body fat mass of the HFD-fed rats We used a rat model of the HFD feeding for obesity and hepatic steatosis. We first evaluated the chronic effects of baicalin on body weight in this animal model. As shown in Figure 1 , rats fed the HFD showed a rapid weight gain and a final body weight (720.2±17.4, n=7) that was significantly higher than the body weight of rats fed the STD (629.4±12.5 g, n=6, P<0.05; Figure 1A ). Daily administration of baicalin (80 mg/kg) to rats on the HFD for 16 weeks produced a body weight (632.5±21.2 g, n=8) that was markedly lower than that of vehicle-treated HFD control rats (P<0.05) and comparable to that of STD-fed rats ( Figure 1A) . Similarly, the HFD-fed rats showed a significant increase in total visceral fat mass, including epididymal and perirenal fat, at the end of the experiment (P<0.05, Figure 1B ). Baicalin treatment also reduced the visceral and epididymal fat mass of HFD-fed rats (P<0.05, Figure  1B ). Overall food intake did not differ among groups in this long-term experiment (data not shown).
Effect of baicalin on serum biochemical parameters in rats fed the HFD At the end of the 16 week study, the HFD significantly increased the fasting serum concentrations of total cholesterol, LDL-cholesterol, NEFA, glucose, insulin, and TNFα compared with the STD. Long-term treatment with baicalin markedly reduced the increase in total cholesterol, LDL-cholesterol, NEFA, insulin and TNFα levels caused by HFD feeding to levels similar to those found in the STD group. Baicalin treatment also significantly reduced the fasting serum glucose levels in rats fed the HFD (Table 1) .
Baicalin reduced liver mass and hepatic lipids level in the HFDfed rats Chronic HFD exposure causes fat accumulation in the liver, Figure 2B-2D ). Administration of baicalin significantly decreased liver size ( Figure  2B ) and attenuated fat accumulation in the livers of rats fed the HFD (P<0.05, Figure 2C and 2D). Moreover, histological examination confirmed this effect and showed that the massive hepatic accumulation of lipids in the HFD-fed rats was largely reduced by baicalin treatment (Figure 2A ).
Baicalin increases AMPK and ACC phosphorylation in the liver of HFD-fed rats Having established that baicalin had a clear effect on both circulating and hepatic lipid levels, we wanted to assess the possible mechanisms responsible for this effect. AMPK is a metabolic master switch that responds to changes in cellular energy status [25] and has been suggested to play a crucial role in regulating fat metabolism in the liver. AMPK activators, including metformin and thiazolidinediones, prevent the development of hepatic steatosis [26] . Therefore, we examined the effect of baicalin on AMPK activation in the liver of HFD-fed rats. As the activity of AMPK correlates strongly with phosphorylation at Thr172 (p-AMPKα), we assessed the activation of AMPK by determining the phosphorylation status of AMPKα and its primary downstream target, acetyl-CoA carboxylase (ACC), using immunoblots with phospho-specific antibodies. As expected [13] , the HFD suppressed hepatic AMPKα phosphorylation (activation) and ACC phosphorylation (inactivation) ( Figure 3A and 3B) . Interestingly, baicalin induced a significant recovery of phosphorylation of AMPKα and ACC in liver depressed by the HFD (Figure 3A and 3B) .
Hepatic SREBP-1c and FAS mRNA expression SREBP-1c is a critical transcriptional factor that is known to regulate the expression of lipogenic enzymes in the liver [27] and is negatively regulated by AMPK [16] . The effects of baicalin treatment on the gene expression of SREBP-1c and its target, FAS, in the liver were examined by quantitative real-time PCR analysis. As shown in Figure 4 , when fed a HFD for 16 weeks, rats showed a modest increase in SREBP-1c mRNA levels relative to STD-fed animals. In rats treated with baicalin, however, the levels of liver SREBP-1c mRNA were significantly reduced compared with those of HFD-fed rats (Figure 4) . The levels of FAS mRNA were not elevated by HFD feeding 
Baicalin activates AMPK and inhibits lipid accumulation in HepG2 cells
The conclusion that baicalin is able to activate AMPK was strengthened by experiments in cultured HepG2 cells. As shown in Figure 5A , incubating HepG2 cells with baicalin at 5 µmol/L and 10 µmol/L for 1 h activated AMPK (ie, increased the expression of phospho-AMPKα). AICAR, an AMP analogue and known AMPK activator, was used as a positive control. www.nature.com/aps Guo HX et al Acta Pharmacologica Sinica npg HepG2 cells exposed to high glucose develop insulin resistance due to decreased phosphorylation of AMPK and increased cellular lipids [28] . To test whether activation of AMPK by baicalin could prevent the lipid accumulation caused by a high glucose concentration, HepG2 cells were incubated with either normal (5.5 mmol/L) or high (30 mmol/L) glucose in the absence or presence of baicalin (5 µmol/L or 10 µmol/L) for 24 h. As shown in Figure 5 , baicalin treatment was still able to induce AMPKα phosphorylation (activation) in cells exposed to elevated glucose ( Figure  5A ). Baicalin treatment also reduced the elevated intracellular triglyceride ( Figure 5B ) and total cholesterol levels induced by high glucose concentrations ( Figure 5C ).
Discussion
In the present study, we tested the potential effects of baicalin on HFD-induced metabolic disorders and hepatic steatosis. We used an experimental model of HFD feeding and showed that supplying a HFD to rats for 16 weeks produces a dyslipidemic profile, elevates serum fasting glucose, insulin and TNFα concentrations, and results in significant body weight gain and hepatic steatosis. Treatment with baicalin (80 mg/kg), however, ameliorated the dyslipidemia and hepatic lipid accumulation, improved hepatic steatosis, and reduced Baicalin, a principal active flavonoid of Scutellaria baicalensis, possesses antioxidant and anti-inflammatory properties that have been studied in relation to cardiovascular disease, agerelated changes in physiology, and maintenance of brain function after heatstroke in animal models [29, 30] . Scutellaria baicalensis is one of the most popular multipurpose herbs used in traditional Chinese medicine. Although Scutellaria baicalensis, both alone and in combination with other herbs, has been used for the clinical treatment of hyperlipidemia and liver diseases for some time [21, 31] , information about which components in Scutellaria baicalensis might cause these hypolipidemic effects is scarce. Furthermore, the molecular mechanisms through which Scutellaria baicalensis acts are unknown. Recently, beneficial effects on obesity, diabetes and fatty liver have been reported for various flavonoids, which are thought to act through AMPK [9] [10] [11] . Therefore, the bioactive flavonoids such as baicalin in Scutellaria baicalensis are of particular interest.
The AMPK complex is an evolutionally conserved serine/ threonine heterotrimeric kinase complex that consists of α-, β-and γ-subunits and acts as a "master switch" for lipid metabolism (reviewed in [25] ). Its activity is abnormal under conditions of deregulated energy balance, such as obesity, diabetes and fatty liver [32] . The activation of hepatic AMPK (through phosphorylation of Thr172 of its α-subunit) switches off fatty acid and cholesterol synthesis through two downstream pathways: acutely via increased phosphorylation of ACC and 3-hydroxy-3-methylglutaryl (HMG) CoA reductase and chronically via decreased transcription of SREBP-1c and its target genes (eg, FAS) [15, 25] . Two major classes of insulin-sensitizing drug, the biguanides and the thiazolidinediones, appear to exert their therapeutic effects by activating AMPK. This suggests that activators of AMPK may be useful for treatment of certain metabolic disorders, type 2 diabetes, and obesity [33] . Concomitant with the substantially attenuated fat accumulation in the serum and livers of rats fed a HFD, long-term administration of baicalin enhanced hepatic AMPK activation by promoting AMPK phosphorylation and inhibiting ACC, which is also associated with AMPK activation [34] . Long-term administration of baicalin also down-regulated the expression of mRNAs encoding several genes involved in lipid metabolism, including SREBP-1c and FAS in the liver. Activation of AMPK reduces the expression of proteins involved in lipogenesis, including the upstream regulator SREBP [16] . These in vivo observations were further supported by experiments in HepG2 cells, in which baicalin treatment led to AMPK activation and decreased lipid accumulation following the addition of high glucose. Thus, AMPK activation appears to play an important role in the effects of baicalin on hepatic steatosis and obesity. The details of the basis for baicalin-mediated activation of AMPK remain unknown.
Several lines of evidence demonstrate that exposure to a HFD and diet-induced obesity lead to overproduction of proinflammatory cytokines such as TNF-α and excessive release of FFA, which are both believed to be critical in the progression of NAFLD [35, 36] , as well as for the development of insulin resistance [36] . Indeed, our data showed that rats fed a HFD for 16 weeks exhibited a significant increase in serum TNFα. In association with this systemic inflammatory stress, prominent hepatic steatosis and a profound increase in serum glucose and insulin levels were shown in HFD-fed rats. Baicalin, which has anti-inflammatory properties, has been reported to inhibit TNF-α overproduction during lipopolysaccharide-induced liver injury in mice [37] and cerebrovascular dysfunction in rats [29] . Consistent with these reports, our data also showed that long-term baicalin administration markedly decreased serum TNFα and lowered both serum and hepatic FFA levels compared with HFD-fed rats that did not receive baicalin. Baicalin treatment also improved insulin sensitivity in HFD-fed rats, as demonstrated by a significant reduction in serum insulin and a modest decrease in serum glucose levels. Thus, suppression of TNF-α by baicalin may also contribute to its protective effects against the development of hepatic steatosis caused by HFD feeding.
In conclusion, our data revealed that baicalin treatment protected against the development of hepatic steatosis and obesity induced by a long-term high-fat diet; this protective effect is associated mainly with a significant enhancement of hepatic AMPK activation. In addition, baicalin treatment suppressed systemic inflammatory stress by reducing serum TNF-α levels and ameliorated insulin resistance. Thus, the present study provides a strong rationale for further evaluation of the potential therapeutic role of baicalin in treating obesity-related fatty liver disease.
